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Abstract
Top quark pair production at photon-photon colliders is studied in low
scale quantum gravity scenario. From the dependence of the cross sections
on the spin configuration of the top quark and anti-quark, we introduce
a new observable, top spin asymmetry. It is shown that there exists a
special top spin basis where with the polarized parent electron beams the
top spin asymmetry vanishes in the standard model but retains substantial
values with the large extra dimension effects. We also present lower bounds
of the quantum gravity scale MS from total cross sections with various
combinations of the laser, electron beam, and top quark pair polarizations.
The measurements of the top spin state (t↑t¯↓) with unpolarized initial beams
are shown to be most effective, enhancing by about 5% the MS bounds with
respect to totally unpolarized case.
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I. INTRODUCTION
Conventional wisdom is that gravitational interactions suppressed by the Planck scale
MP l are to be neglected at any collider. Recently Arkani-Hamed, Dimopoulos, and Dvali
suggested that quantum gravity may become strong at the electroweak scale by introduc-
ing large extra dimensions and by confining the standard model (SM) fields to a (3 + 1)-
dimensional hypersurface [1]. The observed weakness of macroscopic gravity can be at-
tributed to the largeness of the compactified extra dimensions. Since the fundamental
scale MS can then be around TeV scale, the hierarchy between the electroweak scale and
the Planck scale is relieved.
Extra dimension effects are recast in an effective theory valid below the MS, as a
massless graviton propagating in the full (4+n)-dimensional space is replaced by massive
Kaluza-Klein (KK) gravitons propagating in four-dimensional subspace [2]. Since the
large phase space of the KK modes enhances the strength of their couplings to the SM
particles from ∼ 1/MP l into ∼ 1/MS, high energy colliders may provide some distinctive
experimental signatures, questioning the above wisdom. Two kinds of collider signals
have been studied. Direct signals contain the production of KK states, spin-2 neutral
particles [3]. Since they escape collider detectors, the signal is to be recognized as missing
energy. In general, the production of KK gravitons is quite sensitive to the number of
extra dimensions. Indirect signals with intermediate KK states have less sensitivity to
the number of extra dimensions, which are preferable to obtain experimental constraints
on the scale MS [4]. Moreover spin-2 nature of the KK modes leaves characteristic spin
configuration of outgoing particles.
In particular, top pair production holds an advantageous position to draw the spin
information of the process. Very heavy mass of top quark [5] prompts itself to decay
before hadronization, leaving alive the top spin information which can be determined
from the angular distribution of its electroweak decay products [6]. Thus the top spin
configuration can provide additional observables of new physics, particularly when high
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spin particles such as gravitons are involved. At e+e− linear colliders (LC), it has been
shown that the s-channel diagram mediated by spin-2 KK gravitons significantly modifies
the pattern of spin configuration of the top quark and top anti-quark [7].
Photon-photon collisions have been regarded as one of the best alternatives of e+e−
collisions at LC, where high energy photon beams can be achieved through laser back-
scattering of the parent e+e− beams. The controllability of the laser and electron beam
polarizations provides good opportunities to probe new physics. It is shown that photon
colliders are sensitive to the presence of large extra dimensions, yielding higher low bound
of the MS than any other collider [8]. The role of polarizations, however, has been studied
only about the laser and parent electron beams.
In this paper we study the large extra dimension effects on the polarizations of top
quark pair production at photon colliders, including the top spin configuration which shall
be shown to provide a unique channel. From the total cross sections in various top spin
bases, we will observe that there is no particular top spin basis where the pattern of the
spin configuration is crucially modified by the large extra dimension effects. Instead a
new observable, the ‘top spin asymmetry’, is to be introduced. There exists a special spin
basis, in particular with polarized electron beams, where this top spin asymmetry vanishes
in the SM but has substantial values with low scale quantum gravity effects.
This paper is organized as follows. In Sec. II we present the scattering amplitudes of
the γγ → tt¯ process corresponding to the polarizations of initial photons in a general spin
basis of the top quark and top anti-quark. The differences from the process e+e− → tt¯
are also discussed. Since photon beams with high energy and high luminosity are to
be obtained from e+e− LC, we review practical cross sections by taking into account of
backward Compton scattering of laser beams from high energy e+e− beams. Section III
is devoted to the results and discussions. The definition and numerical results of the top
spin asymmetry along with an optimal top spin basis shall be given. We also present at
2σ level the lower bound ofMS which top spin information can enhance by a few percents.
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Finally Sec. IV deals with our conclusions.
II. FORMALISM
For the process
γ(k1, λ1) + γ(k2, λ2)→ t(p1, κ1) + t¯(p2, κ2), (1)
there are two types of tree level diagrams in the SM, t-channel and u-channel ones. In
Eq. (1), λi and κi (i = 1, 2) denote the polarizations of photons and top quarks, respec-
tively. The effective theory of low scale quantum gravity allows an s-channel diagram
mediated by virtual KK graviton modes (see Fig. 1), of which the scattering amplitude is
MG = −2sλ
M4S
u(p1)
[
(j · ε2)/ε1 + (j · ε1)/ε2 + 2ε1 · ε2
(
(j · k2)/k1 + (j · k1)/k2
s
−mt
)]
v(p2) ,
(2)
where j = p1 − p2, and εi = ε(ki) (i = 1, 2) are the polarization vectors of initial photons.
All the ambiguity such as the number of extra dimensions and the compactification models
is encoded by order one parameter λ. Hereafter λ = ±1 cases are to be considered, which
are sufficient for an estimation of the scale MS.
Let us review a general spin basis for top quark and top anti-quark [9,10]. Since CP
invariance holds in the graviton-mediated diagram as well as in the SM, the spins of the
top quark pair lie in the production plane. First defining the spin states of the top quark
and anti-quark in their own rest frame, we decompose, respectively, their spins along the
reference axes ηˆ and ˆ¯η which are chosen back to back in the zero momentum frame. Thus
only one parameter ξ can specify both ηˆ and ˆ¯η; the ξ is defined in the top quark rest frame
as the clockwise angle between the three-momentum of top anti-quark and the up-state
spin of top quark, as depicted in Fig. 2. The usual helicity basis is obtained by setting
ξ = 0 or π.
When the top quark is emitted in the z-axis, the polarization vectors of initial photons
are given by, in the center of momentum (CM) frame with the Coulomb gauge,
4
ε1(±) = ε2(∓) = 1√
2
(0,∓ cos θ,−i,∓ sin θ), (3)
where θ is the scattering angle. There is a relation [11], usually being used in the squared
amplitudes,
εi(k, λ1)ε
∗j(k, λ2) =
1
2
[
(δij − kˆikˆj)δλ1λ2 −
i
2
(λ1 + λ2)ǫ
ijkkˆk (4)
−1
2
(λ1 − λ2)
{
aˆi(kˆ× aˆ)j + aˆj(kˆ× aˆ)i
}
+
1
2
(λ1λ2 − 1)
{
aˆiaˆj − (kˆ× aˆ)i(kˆ× aˆ)j
}]
,
where aˆ is an arbitrary unit vector perpendicular to kˆ, and i, j = 1, 2, 3.
Equation (4) can be applied even in the amplitude level. In the process of Eq. (1),
two channels are possible according to the total angular momentum: Jz = 0 and Jz = 2
states. In the Jz = 0 states (γRγR or γLγL), two polarization vectors are related by
ε2(+) = −ε∗1(+), as can be easily seen from Eq. (3). Then the εµ1εν2 in Eq. (2) can be
replaced by
εi1(+1)ε
j
2(+1) = −εi(k1,+1)ε∗j(k1,+1) . (5)
Note that only the first term in Eq. (4) contributes to the scattering amplitude in Eq. (2)
since the last two terms vanish in the case of λ1 = λ2, and the anti-symmetric second
term does not contribute to the amplitude symmetric under the exchange of two photons.
In the CM frame where j · k1 = −j · k2 = −j · k1 and u¯(p1)/k1v(p2) = −u¯(p1)/k2v(p2) =
u¯(p1)γi v(p2)k
i
1, the scattering amplitude mediated by the KK modes vanishes:
MRRG =
2sλ
M4S
[
u¯γivj
j
(
δij − k
i
1k
j
1
k01k
0
1
)
− u¯γivji + u¯γivk
i
1(j · k1)
k01k
0
1
]
= 0 . (6)
Thus the effects of low scale quantum gravity exist only in the Jz = 2 channels.
The squared amplitudes for each top spin configuration with the large extra dimension
effects are, with β =
√
1− 4m2t/s,
|M|2(γRγL → t↑t↑ or t↓t↓) = 1
4
Ncs
2β2 sin2 θ[Dt +Du +Ds]
2F 21 ,
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|M|2(γRγL → t↑t↓ or t↓t↑) = 1
4
Ncs
2β2 sin2 θ[Dt +Du +Ds]
2(F2 ∓ 1)2,
|M|2(γRγR → t↑t↑ or t↓t↓) = 1
4
Ncs
2(1− β2)[Dt +Du]2(1∓ β cos ξ)2,
|M|2(γRγR → t↑t↓ or t↓t↑) = 1
4
Ncs
2β2(1− β2)[Dt +Du]2 sin2 ξ, (7)
where Nc is the number of color, Ds,t,u are the effective propagation factors defined by
Dt =
(Qte)
2
t−m2t
, Du =
(Qte)
2
u−m2t
, Ds =
4sλ
M4S
, (8)
and F1,2 are the spin configuration factors as functions of the scattering angle, given by
F1 =
√
1− β2 sin θ cos ξ − cos θ sin ξ,
F2 =
√
1− β2 sin θ sin ξ + cos θ cos ξ. (9)
The SM results are in agreement with those of Ref. [10]. It has been noted that the
processes γRγL → (t↑t¯↑ or t↓t¯↓) permit a special top spin basis where the SM prediction
vanishes. The other amplitudes can be obtained by using the CP invariance such as
|MRL↑↑| = |MLR↓↓|, |MRR↑↓| = |MLL↓↑|, (10)
where, e.g., the suffix RL ↑↑ denotes the process γRγL → t↑t¯↑.
The squared amplitudes in Eq. (7) imply important characteristic features of the γγ →
tt¯ process. First the low scale quantum gravity effects contained in Ds exist only in the
Jz = 2 cases, as discussed before. Second the effects in any top spin basis do not modify
the top spin configuration. This is not the case at e+e− colliders: for instance the quantum
gravity leads to non-zero observables for like-spin states of the top quark pair in a special
spin basis where the SM prediction vanishes [7].
In order to draw the information of large extra dimensions from the top spin config-
uration, we take notice of the following points: the quantum gravity effects, even being
factored out from the spin configuration, appear in the Jz = 2 cases, not in the Jz = 0
cases; each squared amplitude in Eq. (7) has different top spin configuration factors ac-
cording to the photon polarization. Hence a combination of the Jz = 2 and Jz = 0 states
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enables low scale quantum gravity to modify the top spin configurations. In fact finite
mixing of two photon states is inevitable from the practical point of view, as shall be
discussed below. On the other hand, this mixing contaminates the SM prediction of the
suppression, in a special top spin basis, of γRγL → (t↑t¯↑ or t↓t¯↓).
We briefly review the differential cross sections at practical γγ colliders [12]. From the
head-on collisions between the laser and energetic electron (or positron) beams, high energy
polarized photons are produced. When x denotes the fraction of the photon beam energy
to initial electron beam energy, i.e., x = Eγ/E, its maximum value is xmax = z/(1 + z)
where z = 4Eω0/m
2
e. Here Eγ , E, ω0 are the photon, electron and laser beam energies,
respectively. It is known that laser beam with too high energy would produce e+e−
pair through collisions with the back-scattered photon beam, reducing the γγ luminosity.
Thus the z is optimized to be 2(1 +
√
2) which occurs at the threshold for the electron
pair production. In the numerical analysis, we consider the following cuts:
−0.9 ≤ cos θ ≤ 0.9,
√
0.4 ≤ x1(2) ≤ xmax|z=2(1+√2). (11)
With given polarizations of the laser and parent electron beams the differential cross
section is, taking into account of their Compton back-scattering,
dσ
d cos θ
=
1
32πsee
∫ ∫
dx1dx2
f(x1)f(x2)
x1x2
×
[(1 + ξ2(x1)ξ2(x2)
2
)∣∣∣MJz=0∣∣∣2 + (1− ξ2(x1)ξ2(x2)2
)∣∣∣MJz=2∣∣∣2
]
, (12)
where
∣∣∣MJz=0∣∣∣2 = 12
[∣∣∣MRR∣∣∣2 + ∣∣∣MLL∣∣∣2
]
, (13)
∣∣∣MJz=2∣∣∣2 = 12
[∣∣∣MRL∣∣∣2 + ∣∣∣MLR∣∣∣2
]
.
And f(x) and ξ2(x) are the photon number density and the averaged circular polarization
of the back-scattered photon beams, respectively, both of which of depend on the polar-
izations of the laser and electron beams [11,13,14]. As f(x) implies, the back-scattered
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photons possess non-trivial energy spectrum, which renders unavoidable finite mixing of
the Jz = 2 and Jz = 0 states. The see is the CM squared energy at e
+e− collisions, related
with that of γγ collisions, s, by s = x1x2see. Since the γγ luminosity spectrum shows a
narrow peak at around xmax with an appropriate cut on the longitudinal momentum of
the back-scattered photons [12], the approximations such as t = x1x2tee and u = x1x2uee
are to be employed [11,13,14].
III. RESULTS
We estimate various observables of the top quark pair production at photon collid-
ers. Let us first observe that top spin information with CP invariance permits only two
independent cross sections,
σ↑↑(= σ↓↓), σ↑↓(= σ↓↑), (14)
which can be easily seen from Eqs. (10) and (13). In Fig. 3, we present σ↑↑ and σ↑↓ with
respect to cos ξ at
√
see = 1 TeV with unpolarized and/or polarized initial beams. The
polarizations of the laser and electron beams are allowed as 100% and 90%, respectively.
The MS is set to be 2.5 TeV. The convex curves denote the (t↑t¯↓) case, while the concave
ones do the (t↑t¯↑) case. The solid lines describe the SM results, and the dotted and dashed
lines describe the results including low scale quantum gravity effects with λ = 1 and
λ = −1, respectively. Each value of cos ξ indicates different spin basis of the top quark
and anti-quark.
There are several interesting characteristics of photon colliders in producing top quark
pair. As can be first seen in Fig. 3, there is no special cos ξ at which one top spin
configuration dominates over the other, as discussed before. The quantum gravity effects
manifest themselves as being factored out from the top spin configuration, i.e., independent
of cos ξ. And irrespective of the polarizations of the laser and electron beams, the effects
are larger in the cases of t↑t¯↓ than in those of t↑t¯↑. Equation (7) suggests its reason.
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For instance, with the unpolarized beams, the ratio |MRL/MRR|2 hints the magnitude
of the quantum gravity effects, since the Jz = 2 states possess the effects but the Jz = 0
states do not. Hence the top quark pair production channel with the (t↑t¯↓) is effective to
probe the quantum gravity effects. Finally we observe that the results with the polarized
electron beams are of great interest and importance: there exist two values of cos ξ, i.e.,
two special spin bases where the equalities σ↑↑ = σ↑↓ hold true as shown in Fig. 3 (c) and
(d). Considering a new observable, top spin asymmetry Atop,
Atop =
σ↑↓ − σ↑↑
σ↑↓ + σ↑↑
, (15)
we suggest an optimal top spin basis defined by ξ0 which satisfies
σSM↑↓ (ξ0) = σ
SM
↑↑ (ξ0) . (16)
The definition guarantees that the observable Atop(ξ0) vanishes in the SM while retains
non-vanishing values with the low scale quantum gravity effects. The Atop(ξ0) as a function
of MS is plotted in Fig. 4. The solid lines indicate the SM predictions at 2σ level, while
the dotted and dashed lines include the quantum gravity effects of λ = 1 and λ = −1,
respectively. The case of MS = 2.5 TeV at
√
see = 1.0 TeV causes about A
top(ξ0) of 6%.
σtot σ↑↑ σ↑↓
(Pe1, Pe2, Pl1, Pl2) λ = 1 λ = −1 λ = 1 λ = −1 λ = 1 λ = −1
(0,0,0,0) 4.1 4.1 2.6 2.8 4.3 4.3
(0,0,1,1) 4.0 4.0 2.5 2.7 4.2 4.2
(0.9,0.9,0,0) 3.2 3.2 1.7 2.0 3.7 3.7
(0.9,0.9,1,1) 3.2 3.2 1.8 2.0 3.5 3.6
Table I. The photon collider bounds ofMS in TeV at 2σ level according to the polarizations
of the laser, the parent electron beam, and top spin configurations.
The Atop(ξ0) observables yield lower bounds on the string scale MS, which can be read
off from Fig. 4. In Table I, we summarize other lower bounds of the MS, which can
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be obtained by using various combination of the polarizations of the laser and electron
beams, and by measuring the top spin configuration. We have employed the luminosity
L = 200fb−1. As discussed before, the top spin state (t↑t¯↓) can constrain most strictly the
MS, though the enhancement of the MS bound is not very significant. This is mainly due
to the statistical disadvantage of the top spin measurements.
IV. CONCLUSIONS
The experimental feasibility of the determination of top spin configuration and con-
struction of high energy linear photon colliders provides a new window to probe physics
beyond the standard model. We have studied top pair production at γγ linear colliders
with the large extra dimension effects. From the polarized scattering amplitudes in a gen-
eral top spin basis, it has been shown that only the Jz = 2 states receive the effects, which
do not affect the top spin configuration. The non-trivial energy spectrum of the Compton
back-scattered photons leads to finite mixing of the Jz = 0 and Jz = 2 states, as well as
permitting low scale quantum gravity to play a role in modifying the top spin configura-
tion. Considering the Compton scattering also, total cross sections in a general top spin
basis have been presented; the large extra dimension effects are shown to be larger for the
(t↑t¯↓) configuration than for the (t↑t¯↑) one. On the other hand, this practical mixing of
the Jz = 0 and Jz = 2 states is shown to eliminate the presence of a top spin basis in
which one of the final spin configurations is dominant and the other suppressed. Instead
we have noticed that a special spin basis, especially with the polarized parent electron
beams, exist such that σSM(t↑t¯↓) = σSM(t↑t¯↑) in the SM. Accordingly introduced is the
top spin asymmetry Atop of which the SM predictions vanish in this optimal top spin basis,
which can be one of the most effective tools. Low scale quantum gravity at
√
see = 1 TeV
with the string scale MS = 2.5 TeV predicts about 6% of A
top in the optimal top spin
basis. From various observables, we have also estimated the lower bounds of the MS in
the range of 1.7 to 4.3 TeV, summarized in Table I. The measurements of the top spin
10
configuration as (t↑t¯↓) improve the lower bounds for MS more than 200 GeV.
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Figure Captions
Fig. 1 : Feynman diagrams for the γγ → tt¯ process with the large extra dimension effects.
Fig. 2 : The generic spin basis: (a) in the top quark rest frame; (b) in the top anti-quark
rest frame.
Fig. 3 : Total cross sections as a function of cos ξ: (a) with the unpolarized beams, i.e.,
(Pe1, Pe2, Pl1, Pl2) = (0, 0, 0, 0); (b) (0, 0, 1, 1); (c) (0.9, 0.9, 0, 0); (d) (0.9, 0.9, 1, 1).
The convex curves denote the (t↑t¯↓) case, while the concave ones do the (t↑t¯↑) case.
The solid lines describe the SM results, and the dotted and dashed lines describe
the results including low scale quantum gravity effects with λ = 1 and λ = −1,
respectively.
Fig. 4 : The optimal top spin asymmetries with respect to MS with unpolarized and/or
polarized initial beams. The solid lines denote 2 σ level predictions of the SM. The
dotted and dashed lines incorporate low scale quantum gravity effects in the cases
of λ = 1 and λ = −1, respectively.
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